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Abstract: Recently developed cold-formed LiteSteel beam (LSB) sections have found 
increasing popularity in residential, industrial and commercial buildings due to their 
light weight and cost-effectiveness. Another beneficial characteristic is that they allow 
torsionally rigid rectangular flanges to be combined with economical fabrication 
processes. Currently, there is significant interest in the use of LSB sections as flexural 
members in floor joist systems. When used as floor joists, these sections require 
openings in the web to provide access for inspection and other services. At present, 
however, there is no design method available that provides accurate predictions of the 
moment capacities of LSBs with web openings. This paper presents the results of an 
investigation of the buckling and ultimate strength behaviour of LSB flexural 
members with web openings. A detailed fine element analysis (FEA)-based 
parametric study was conducted with the aim of developing appropriate design rules 
and making recommendations for the safe design of LSB floor joists. The results 
include the required moment capacity curves for LSB sections with a range of web 
opening combinations and spans and the development of appropriate design rules for 
the prediction of the ultimate moment capacities of LSBs with web openings. 
 
Key words: Cold-formed steel structures, LiteSteel Beam, Web opening, Nonlinear 
finite element analysis, Design rules. 
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1. Introduction 
LiteSteel Beam (LSB) sections are innovative cold-formed steel hollow flange 
sections recently developed by OneSteel Australian Tube Mills [1]. LSB sections 
have found increasing popularity in residential, industrial and commercial buildings, 
not only due to their light weight and cost-effectiveness, but also due to their 
beneficial characteristic of allowing torsionally rigid rectangular hollow flanges to be 
combined with economical fabrication processes. These sections can be used as 
flexural members, truss members and studs in a range of building systems. Currently, 
there is significant interest in the use of LSB sections as flexural members in floor 
joist systems. When used as floor joists, however, these sections require openings in 
the web to provide access for inspection and other services. 
The LSB flexural members with intermediate spans are subject to lateral distortional 
buckling. A number of recent studies [2-4] have investigated this type of failure 
behaviour in LSBs in depth, and, accordingly, new design rules for these members, 
primarily for their use in flexural applications [5], have been developed. To date, 
however, no study has investigated the structural behaviour and failure characteristics 
of LSB floor joists with web openings. To fill this gap in research, a detailed 
investigation was conducted to determine the member moment capacities of LSB 
floor joists with web openings using both experimental and numerical studies. The 
lateral distortional buckling behaviour and member moment capacities of LSB 
sections with circular web openings were investigated using an extensive series of 
laboratory experiments [6], whereas their section moment capacities were investigated 
using plastic bending tests [7]. However, there are no design methods that provide 
accurate predictions of the moment capacities of LSBs with web openings. This paper 
thus presents the results of an investigation of the buckling and ultimate strength 
behaviour of LSB flexural members with web openings. A detailed fine element 
analysis (FEA)-based parametric study was conducted with the aim of developing 
appropriate design rules and making recommendations for the safe design of LSB 
floor joists. The results include the required moment capacity curves for LSB sections 
with a range of web opening combinations and spans and the development of 
appropriate design rules for the prediction of the ultimate moment capacities of LSBs 
with web openings. 
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2. Finite Element Models  
Ideal finite element (FE) models were used in the parametric study to generate 
member capacity curves suitable for the design of LSB flexural members with circular 
web openings. These models incorporated the ideal support conditions, nominal 
imperfections and material properties, and a uniform bending moment within the span. 
The study also developed and analysed ideal FE models of LSB flexural members 
without any web openings to investigate the moment capacity reduction that is due to 
the presence of these openings. The cross-sectional geometry of these ideal models 
was based on the nominal dimensions provided in Table 1. 
 
Table 1. Available LSB sections [1] 
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LSB Section 
Depth Flange Width 
Flange 
Depth Thickness Corner Radius 
D  
(mm) 
bf  
(mm) 
df  
(mm) 
t  
(mm) 
ro  
(mm) 
riw  
(mm) 
300x75x3.0 300 75 25.0 3.00 6.0 3.0 
300x75x2.5 300 75 25.0 2.50 5.0 3.0 
300x60x2.0 300 60 20.0 2.00 4.0 3.0 
250x75x3.0 250 75 25.0 3.00 6.0 3.0 
250x75x2.5 250 75 25.0 2.50 5.0 3.0 
250x60x2.0 250 60 20.0 2.00 4.0 3.0 
200x60x2.5 200 60 20.0 2.50 5.0 3.0 
200x60x2.0 200 60 20.0 2.00 4.0 3.0 
200x45x1.6 200 45 15.0 1.60 3.2 3.0 
150x45x2.0 150 45 15.0 2.00 4.0 3.0 
150x45x1.6 150 45 15.0 1.60 3.2 3.0 
 
 
2.1. Finite Element Discretisation 
To simulate the true structural behaviour of LSB floor joists with web openings, it is 
necessary to pay attention to several considerations. For example, as the thin steel 
plate elements of LSB sections are subject to local buckling and lateral distortional 
buckling effects, the element that is chosen must be capable of modelling these 
buckling phenomena and their associated behaviour. It must also be capable of 
modelling the structural behaviour in both linear and non-linear regions involving 
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large displacements, elasto-plastic deformations and associated plasticity effects. 
There are a number of types of shell elements available in the ABAQUS element 
library [8]. In the study reported herein, an S4R5 three-dimensional, thin, 
isoparametric quadrilateral shell element with four nodes and five degrees of freedom 
per node was chosen to model the steel plate element, as it is considered the most 
suitable for the FEA employed in this study.  
 
In FEA, the selection of mesh size and layout is also critical. Although it is desirable 
to use as many elements as possible in such analysis, doing so requires an excessive 
amount of computer time and resources. In the current analysis, an adequate number 
of elements was chosen for both the flanges and the web based on detailed 
convergence studies to obtain sufficient accuracy of results without the need for the 
excessive use of computer time and resources. The adequacy of the FE mesh used in 
the model was investigated by varying the element size. It was found that good 
simulation results could be obtained with an element size of approximately 5 mm × 10 
mm (width by length) for both the web and the flange. The geometry and FE mesh for 
a typical LSB model with circular web openings is shown in Fig. 1. 
 
Fig. 1. Geometry and FE mesh of a typical LSB model (250 x 60 x 2.0 LSB with 
web hole diameter = 150 mm, spacing = 500 mm and span = 2000 mm) 
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2.2. Material Model and Properties  
The ABAQUS classical metal plasticity model was adopted for all the analyses. This 
model implements the von Mises yield surface to define isotropic yielding, associated 
plastic flow theory, and either perfect plasticity or isotropic hardening behaviour. For 
the models employed in this study, a simplified bilinear stress-strain curve with no 
strain hardening was used. The ideal FE models incorporated nominal web and flange 
yield stresses of 380 MPa and 450 MPa, respectively. These yield stresses are the 
minimum specified values for the range of LSB sections presented in past research [6]. 
The elastic modulus and Poisson’s ratio were taken as 200 GPa and 0.3, respectively. 
2.3. Loads and Boundary Conditions  
The objective of the FE models was to provide the idealised simply supported 
boundary conditions and a uniform applied bending moment that were suitable for the 
development of the member capacity design curves and design rules. The idealised 
support conditions for beams must satisfy the following requirements. 
(1) Simply supported in-plane. That is, both ends must be fixed against in-plane 
vertical deflection, but unrestrained against in-plane rotation, and one end must be 
fixed against longitudinal horizontal displacement. 
(2) Simply supported out-of-plane. That is, both ends must be fixed against out-of-
plane horizontal deflection and twist rotation, but unrestrained against minor axis 
rotation and warping displacement. An illustration is provided in Fig. 2(a). 
 
Table 2. Idealised support conditions for LSBs 
Location 
Constraints 
Edge condition 
Translational Rotational 
At the end of span T [-, 0, 0] R [0, -, -] Simply supported 
At the middle of span T [0, -, -] R [-, 0, 0] Symmetric condition 
Note: T[x, y, z] indicates the translational constraints, and R[x, y, z] the rotational 
constraints, along the x-, y- and z-coordinates; 0 indicates a constraint, and 1 indicates no 
constraint.  
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To simulate a uniform end moment across the section, linear forces were applied at 
every node of the beam end, with the upper part of the section subject to compressive 
forces and the lower part subject to tensile forces. The required uniform bending 
moment distribution within the span was achieved by applying equal end moments 
using the linear forces at the end support. This combination of locations at both the 
end and middle of the span simulates a simply supported condition with free warping 
and local flange twist restraint conditions. One of the ideal FE models is shown in 
Figures 2 (a) and (b). 
TY, TZ=0 TY, TZ=0
TX=0
RX=0 RX=0
Free to warp Free to warp
 
(a) Schematic diagram of simply supported boundary conditions 
 
 
 (b) Loads and boundary conditions of 250 x 60 x 2.0 LSB with web 
openings (diameter = 150 mm, spacing = 333 mm, span = 1000 mm) 
 
Fig. 2. Loads and boundary conditions in FE modelling 
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2.4. Initial Geometric Imperfections 
The initial geometric imperfections of the LSB specimens were measured using 
available experimental results [9, 10]. The local plate imperfections were found to be 
within the manufacturer’s fabrication tolerance limits, whereas the overall member 
imperfections were often less than span/1000, except in a few cases in which they 
were very close to span/1000. Based on these findings and the specified AS 4100 
fabrication tolerance for compression members [11], a nominal overall member 
imperfection magnitude of span/1000 was used in the ideal FE models used in the 
current parametric study. 
 
2.5. Residual Stresses 
The residual stresses in LSB sections produced using the latest dual welding and cold-
forming technologies have unique characteristics. Previous research [9] has thus 
involved tests that employ the sectioning method to determine their residual stresses, 
and developed an approximate residual stress model with both membrane and flexural 
residual stresses. Recent residual stress tests [10] of LSB web elements have found 
web membrane residual stresses about 60% lower than those previously reported [9], 
which suggests that the LSB manufacturer has improved the manufacturing process 
considerably. Seo et al. [10] conducted a sensitivity study to investigate the effect of 
residual stresses on the member moment capacity of LSBs and found the web 
membrane residual stresses to have only a small effect. The results of this more recent 
study imply that there may be no need to further improve the LSB manufacturing 
process to reduce the level of residual stresses. 
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(a) Typical residual stress distributions in 200 x 60 x 2.0 LSBs 
 
(b) Residual stress distributions in FEA  
Fig. 3. Typical residual stress distributions in 200 x 60 x 2.0 LSBs used in FE 
modelling 
The inclusion of web openings in LSBs is likely to reduce the web membrane residual 
stresses. Hence both membrane and flexural residual stresses were included in the FE 
models used in this study, but the web membrane residual stresses were ignored. Fig. 
3 shows the modified membrane residual stress distribution for 200 x 60 x 2.0 LSB 
sections. 
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2.6. Validation of FE Models 
 
Before using the ideal finite element model to develop the member capacity design 
curves for LSBs subject to a uniform bending moment, it was necessary to validate 
the model for nonlinear analyses. This was achieved by comparing the experimental 
member capacity results of LSBs with web openings from Pokharel and Mahendran 
[6]. Their lateral distortional buckling tests included three LSB sections with four 
circular web hole sizes and two different spans as shown in Table 3. A simply 
supported beam test set-up with two quarter point loads was used in their tests as 
shown in Figure 4 (a). Both support and loading conditions were carefully simulated 
so that ideal support conditions were modelled with minimum warping effects as was 
assumed in the ideal FE models. Since the LSB section is monosymmetric, the load 
was applied through the shear centre of the cross-section to eliminate the load height 
and torsional loading effects using a special loading arrangement. Details of the 
member capacity tests are provided by Pokharel and Mahendran [6].  
 
The ideal finite element model was developed for LSBs with uniform moment 
conditions. However, Pokharel and Mahendran’s [6] experiments were conducted 
using a quarter point loading. Therefore experimental finite element models were 
developed to simulate the quarter point loading used in the experiments shown in 
Fig.4(a) and the test members as closely as possible [12]. These models were based on 
the measured dimensions and mechanical properties unlike the ideal models that were 
based on the nominal dimensions and mechanical properties. Other details are the 
same for both models as described in the previous sections. 
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(a) Experiment 
 
 (b) FEA 
Fig.4. Ultimate failure of 200x45x1.6 LSB (Span = 4000 mm, Hole Diameter D = 
127 mm, Spacing S = 500 mm) [12] 
 
Elastic buckling analyses were undertaken first, followed by non-linear analyses. 
Elastic buckling moments of the LSB members with web holes were obtained from 
the first analyses while the latter gave the ultimate moments. Elastic buckling analyses 
were also used to obtain the eigenvectors for the inclusion of geometric imperfections 
in nonlinear analyses. Nonlinear analyses including the effects of large deformation 
and material yielding were used to investigate the structural behaviour of LSBs up to 
failure. Taking advantage of the advanced capability of ABAQUS, all modelling 
considered both geometrical and material nonlinearities, a perfect-plastic material 
model and large displacements based on the total Lagrangian formulation. The RIKS 
method in ABAQUS was also included in the nonlinear analysis.  
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The most common failure mode of the LSB members with web openings for the spans 
(2900 mm and 4000 mm) considered in the analyses simulating the experimental test 
beams [6] was found to be lateral distortional buckling. As seen in Figs.4(a) and (b), 
the developed finite element model was able to predict the lateral distortional 
buckling failure of LSBs. 
 
Tables 3 contains a summary of the ultimate moment capacity results [12] of the non-
linear static analyses using the experimental finite element model, and a comparison 
of these results with the experimental test results in [6]. As seen in this table, the 
results from FEA and experiments agreed reasonably well for LSB sections 
containing circular web openings. The mean value of the ratio of FEA and 
experimental ultimate moment capacities was found to be 1.02 while the 
corresponding coefficient of variation (COV) was 0.06. Typical bending moment 
versus deflection curves from FEA and experiments are compared in Figure 5 for 
LSBs with circular web openings. These figures also demonstrate a good agreement 
between them. 
 
Table 3. Comparison of Experimental and FEA Ultimate Moment Capacities for 
LSBs with Web Openings [12] 
Test 
Beam 
LSB Section  
Span 
(mm) 
D 
(mm) 
S 
(mm) 
Ult. Moment Capacity (kNm) 
FEA/EXP 
Experiment FEA 
1 200x45x1.6 LSB 2900 60 362.50 7.87 7.46 0.95 
2 200x45x1.6 LSB 2900 102 362.50 7.89 7.40 0.94 
3 200x45x1.6 LSB 2900 127 362.50 6.57 7.32 1.11 
4 200x45x1.6 LSB 2900 127 241.67 6.15 6.60 1.07 
5 250x60x2.0 LSB 2900 127 362.50 15.13 15.66 1.04 
6 250x60x2.0 LSB 2900 127 241.67 13.58 15.30 1.13 
7 300x60x2.0 LSB 2900 102 362.50 18.38 20.71 1.13 
8 300x60x2.0 LSB 2900 127 362.50 18.18 19.35 1.06 
9 300x60x2.0 LSB 2900 127 241.67 17.44 17.29 0.99 
10 300x60x2.0 LSB 2900 170 362.50 16.99 17.62 1.04 
11 200x45x1.6 LSB 4000 60 500.00 6.66 6.57 0.99 
12 200x45x1.6 LSB 4000 102 500.00 6.51 6.19 0.95 
13 200x45x1.6 LSB 4000 127 500.00 5.70 6.02 1.06 
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14 200x45x1.6 LSB 4000 127 333.33 5.79 5.80 1.00 
15 200x45x1.6 LSB 4000 60 333.33 6.83 6.24 0.91 
16 200x45x1.6 LSB 4000 127 250.00 5.52 5.58 1.01 
17 250x60x2.0 LSB 4000 127 333.33 14.37 13.92 0.97 
18 250x60x2.0 LSB 4000 102 333.33 14.49 14.45 1.00 
19 300x60x2.0 LSB 4000 127 333.33 15.66 15.40 0.98 
20 300x60x2.0 LSB 4000 170 333.33 12.75 13.69 1.07 
 Mean 1.02 
 COV 0.06 
Note: D = Web hole diameter, S = spacing of holes 
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Fig. 5. Comparison of typical moment versus deflection curves [12] 
 
In summary, the experimental finite element model provided very good comparisons 
with all the experimental results. It is therefore reasonable to assume that the 
experimental comparisons presented in this section establish the validity of the shell 
element model for explicit modelling of initial geometric imperfections and residual 
stresses, lateral distortional and local buckling deformations, and the associated 
material yielding. The suitability of the residual stress model, local and global 
geometric imperfection magnitudes, and the finite element mesh density has also been 
verified. 
 
Both the experimental and ideal finite element models were developed based on the 
same basic principles as described in the earlier sections. The ideal model can 
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therefore be used in the development of design moment capacity curves of LSB 
flexural members with circular web openings. 
 
3. Moment Capacities of LSBs Obtained from Finite Element Analyses 
3.1. Details of Parametric Study 
Although there are 13 different LSB sections available, the seven that are most likely 
to be used in floor joist systems were selected for this study, including two non-
compact sections (300 x 75 x 3.0 and 200 x 60 x 2.0 LSBs), two slender sections (300 
x 60 x 2.0 and 250 x 60 x 2.0 LSBs) and three compact sections (250 x 75 x3.0, 200 x 
60 x 2.5 and 150 x 45 x 2.0 LSBs). Four different sizes of circular web openings were 
considered for the varying spans (1000, 2000, 4000, 6000 and 8000 mm for the 
member moment capacities and 200 to 500 mm spans for the section moment 
capacities). These web opening sizes included diameters of 50, 100, 150 and 200 mm, 
and their spacing ranged from 100 to 500 mm. The use of different sections, spans and 
web opening configurations provided many different parameters, thus enabling an 
investigation of the lateral distortional buckling behaviour of LSB sections with web 
openings covering all possible practical scenarios. The ideal finite element models of 
LSBs with web openings were used in this parametric study.  
 
3.2. Failure Modes 
Elastic buckling analyses of the ideal FE models were undertaken first, followed by 
nonlinear analyses. The elastic buckling moments of LSB members with web 
openings were obtained from the first analyses, whereas the latter provided the 
ultimate moments. Buckled shapes corresponding to the various buckling modes were 
visualised. Lateral distortional buckling was found to be the most common failure 
mode for LSB members with web openings and spans of 2000 to 8000 mm. Figs. 6 
and 7 illustrate the typical lateral distortional buckling, local buckling and ultimate 
failure modes obtained from the elastic buckling and nonlinear analyses of the ideal 
FE models of LSBs with web openings. 
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(a) Buckling analysis                      (b) Nonlinear analysis 
Fig. 6. Local buckling and ultimate failure of 300 x 60 x 2.0 LSB (span = 1000 
mm, hole diameter = 50 mm, spacing = 250 mm) 
 
   
(a) Buckling analysis                      (b) Nonlinear analysis 
Fig. 7. Lateral distortional buckling and ultimate failure of 300 x 60 x 2.0 LSB 
(span = 2000 mm, hole diameter = 100 mm, spacing = 200 mm) 
 
3.3. Effects of Web Hole Size and Spacing on the Moment Capacity 
If possible, openings should be avoided in the webs of flexural members to allow their 
full moment capacity to be utilised. However, web openings are necessary in LSB 
members if they are used in floor joist systems because of the need to provide access 
for various services. 
Fig. 8 presents the moment capacity curves for the more slender 300 x 60 x 2.0 and 
250 x 60 x 2.0 LSB sections with increasing web opening diameter. It can be seen 
from these curves that when the web hole diameter is small, the strength improvement 
provided by an increase in the hole spacing is comparatively small. However, this 
strength improvement becomes more significant as the web hole diameter increases. 
Fig. 8 clearly demonstrates the reduction in member moment capacity due to the 
introduction of web holes. 
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(a) 300 x 60 x 2.0 LSB              (b) 250 x 60 x 2.0 LSB 
Fig. 8. Effect of web hole size on the moment capacity for a span of 2000 mm 
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Fig. 9. Effect of web hole size and spacing on the moment capacity of 300 x 60 x 
2.0 and 250 x 60 x 2.0 LSBs 
Based on the moment capacity results from the parametric study, Fig. 9 plots the 
moment capacity curves for the LSB sections that are most likely to be used as floor 
joists. In these curves, a non-dimensionalised format is used, where the horizontal axis 
is the ratio of web hole spacing to web hole diameter (S/D) and the vertical axis is the 
moment capacity (Mu). These results confirm that web hole size and spacing do not 
have significant effects on the ultimate moment capacity of the slender and non-
compact LSB sections selected in this study.  
 
3.4. Effect of Web Opening on Elastic Lateral Distortional Buckling Moment 
Pi and Trahair [13] provided suitable equations for estimating the elastic distortional 
buckling moment (Mod) of hollow flange beams such as LSBs using approximate 
effective torsional rigidity (GJe). However, these equations are not suitable for LSBs 
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with web openings, and for the current study they were thus modified using the 
following equivalent thickness (tequ) approach.  
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where FGJ  = the torsional rigidity of the rectangular hollow flange, yI  = the 
second moment of the area about the minor (y) axis, wI  = the warping section 
constant, L = the member span and 1d  = the centreline dimension of web height. 
Equivalent thickness (tequ) was determined on the basis of the following equation, 
which allows for web hole area and spacing. This thickness was then employed to 
calculate the equivalent section properties (GJf, EIy, EIw) of LSBs from the 
manufacturer’s spreadsheets [14].   
webholewebwebwebequweb tAS
LtAtA −−=     (2a) 
)
4
1(
1
2
Sd
Dtt webequ
π
−= ,            (2b) 
where tweb = web thickness; Aweb = web area = Ld1; Aweb-hole = the area of the web 
holes = 4/2Dπ ; d1 = the centreline dimension of web height; D and S = web opening 
diameter and spacing, respectively; and L = the member span  
Equation 1 was employed to calculate the lateral distortional buckling moments of the 
selected LSBs with web openings (the seven LSB sections with various web opening 
sizes and spacing). Fig. 10 compares those so obtained with the corresponding FEA 
buckling moments to determine the accuracy of Equation 1. It can be seen that the 
modified Pi and Trahair equation is able to accurately predict the elastic lateral 
distortional buckling moments of LSBs with web openings. The mean is 1.0095, and 
the corresponding coefficient of variation is 0.0303. 
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Fig. 10. Comparison of elastic lateral distortional buckling moments (Mod) from 
FEA and Equation 1  
4. Proposed Design Curves for Member Moment Capacity  
4.1. Section Moment Capacity Design Rules 
The first yield moment capacity (My) of LSBs with web openings can be defined as 
follows. 
netyy ZfM = ,     (3) 
where Znet is the elastic section modulus of the LSB net cross-section, i.e., it is based 
on the minimum cross-section along the beam span. It is considered acceptable in 
terms of design safety to calculate the first yield moment capacity of an LSB section 
with web openings conservatively using the Znet values. The nominal flange yield 
stress (450 MPa) and nominal section dimensions were used to calculate the first-
yield moment capacity. If local buckling is assumed not to occur in LSB flexural 
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members, then their section moment capacity can be taken as the first-yield moment 
capacity. 
Table 4. Comparison of section moment capacities from FEA and simplified 
design method 
LSB Section D (mm) 
S 
(mm) 
Mu My 
Mu/My 
FEA (kNm)  (kNm) 
300 x 75 x 3.0 
50 250 80.763 75.953 1.063 
100 250 80.644 75.296 1.071 
150 250 79.451 73.515 1.080 
200 250 70.265 70.047 1.003 
300 x 60 x 2.0 
50 250 45.456 44.660 1.017 
100 250 45.456 44.164 1.029 
150 250 44.526 42.976 1.036 
200 250 34.815 40.664 0.856 
250 x 75 x 3.0 
50 200 63.574 58.900 1.079 
100 200 63.295 58.110 1.089 
150 200 60.693 55.975 1.084 
250 x 60 x 2.0 
50 250 35.289 34.579 1.021 
150 200 34.110 32.629 1.045 
200 x 60 x 2.5 
50 250 33.675 31.280 1.077 
100 150 33.378 30.460 1.096 
200 x 60 x 2.0 
50 250 27.289 25.328 1.077 
100 150 26.928 24.672 1.091 
150 x 45 x 2.0 
50 100 15.128 13.950 1.084 
50 250 15.161 13.950 1.087 
Table 4 compares the section moment capacities predicted using this approximate 
method, and the ideal FE models based on short spans, i.e., 500, 400, 300 and 200 
mm, and laterally restrained along one side of both flanges. The model span was 
varied slightly to accommodate three holes (one at the midspan), as shown in Fig. 2(b), 
so as to model the effect of hole spacing. The results of this comparison suggest that 
the simplified method based on the first yield moment capacity of net LSB sections 
can be used to predict their section moment capacities. It should be pointed out that 
the most slender section, the 300 x 60 x 2.0 LSB, with larger circular web openings 
(200 mm in diameter) exhibited shear failure [7]. As a result, its section moment 
capacity could not be determined. For LSBs with a span less than 2000 mm and web 
openings having a diameter greater than 150 mm, their shear capacity becomes critical 
and must be checked. 
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4.2. Member Moment Capacity Design Rules 
To date, no available design methods provide an accurate prediction of the member 
moment capacities of LSBs with web openings. The intention of the research reported 
here was to derive and verify appropriate design rules for these LSBs. The FEA based 
parametric study results were used to derive suitable design equations. The thin-
walled nature of LSB sections with web openings complicates their behaviour and 
design. Experimental and FE analyses of LSBs without web openings reveal the 
presence of at least three buckling modes, namely, local, lateral distortional and lateral 
torsional [1-4]. 
Fig. 11 presents the moment capacities of seven LSB sections, including two slender, 
three non-compact and two compact sections. It shows the normalised numerical 
moment capacity (Mu/My) versus the non-dimensional member slenderness ( dλ ), in 
which My and dλ  allow for the presence of web openings. In plotting the data points 
in Fig. 11, both ultimate moment capacity Mu and elastic lateral distortional buckling 
capacity Mod were obtained from FEA, whereas the first yield moment My was 
calculated using Equation 3. 
The member capacity of LSB flexural members with small openings, large spacing 
and a long span can, in general, be well predicted using the design methods developed 
for members without web openings, as the lateral distortional buckling strength of 
both follows a similar trend. In the case of short spans (less than 2.0 m), however, 
different buckling behaviour becomes evident, depending on the size and spacing of 
the web holes, with the worst case being a large hole diameter (D) and small spacing 
(S) and the best case is a small D and a large S. Lateral distortional buckling occurred 
in these cases: 300 x 75 x 3.0 LSB (D = 200 mm, S = 250 mm), 300 x 60 x 2.0 LSB 
(D = 200 mm, S = 250 mm), 250 x 75 x 3.0 LSB (D = 150 mm, S = 200 mm), 200 x 
60 x 2.0 LSB (D = 100 mm, S = 150 mm), 200 x 60 x 2.5 LSB (D = 100 mm, S = 150 
mm and D = 50 mm, S = 250 mm), whereas local buckling and yielding occurred in 
the cases of 300 x 75 x 3.0 LSB (D = 50 mm, S = 250 mm), 300 x 60 x 2.0 LSB (D = 
50 mm, S = 250 mm), 250 x 75 x 3.0 LSB (D = 50 mm, S = 250 mm) and 200 x 60 x 
2.0 LSB (D = 50 mm, S = 250 mm). In the case of local buckling, the LSB sections 
almost reached the first yield moment capacity, as in the case of the LSBs without 
web openings, whereas in the case of lateral distortional buckling, the moment 
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capacity was slightly less than the first yield moment capacity, as shown in Table 5. 
Hence, two distinct regions can be identified, based on the moment capacity results 
shown in Fig. 11. These results can be seen for the dλ  values in the range of 0.5 to 
0.7 in this figure. 
Table 5. Moment capacities of seven LSBs with web holes and a span of 1.0 m 
LSB 
Section D S Holes 
Elastic 
Buckling 
Moment 
Mod 
(kNm) 
Moment Capacity        
Mu (kNm) 
)(
)(
RSwithoutu
RSwithu
M
M  
)(
)(
holeswithoutu
holeswithu
M
M  
Without 
RS With RS 
300x75x3.0 
0 0 0 183.835* 78.020 72.651 0.93 - 
50 250 4 178.169* 78.139 71.890 0.92 0.994 
200 250 4 234.763 68.118 67.879 0.99 0.934 
300x60x2.0 
0 0 0 44.045* 43.699 39.050 0.89 - 
50 250 4 42.950* 42.356 38.670 0.91 0.990 
200 250 4 61.417 33.575 33.472 0.99 0.857 
250x75x3.0 
0 0 0 222.983* 60.600 59.206 0.98 - 
50 250 4 212.638* 60.879 58.741 0.96 0.992 
150 200 5 195.137 60.042 55.395 0.92 0.936 
250x60x2.0 
0 0 0 51.689* 34.189 30.259 0.89 - 
150 200 5 51.488* 32.318 30.118 0.96 0.995 
200x60x2.5 
0 0 0 85.955 31.587 28.814 0.91 - 
50 250 4 84.249 31.527 28.875 0.92 1.002 
100 150 6 75.044 31.346 28.332 0.90 0.983 
200x60x2.0 
0 0 0 64.561* 26.086 24.223 0.93 - 
50 250 4 59.935* 26.207 24.283 0.93 1.002 
100 150 6 58.753 25.666 22.660 0.88 0.935 
150x45x2.0 
0 0 0 26.743 13.329 12.029 0.90 - 
50 
100 10 25.034 13.195 11.796 0.89 0.981 
250 4 25.898 13.262 11.929 0.90 0.992 
Note: * indicates that local buckling governs; RS – Residual stresses 
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Fig. 11. Moment capacities of LSBs with web openings 
 
4.3. Proposed Design Moment Capacity Rules 
Best-fit curves were developed on the basis of the minimisation of total errors to 
represent the two regions in Fig. 11. No separate elastic lateral buckling region was 
considered here, as the buckling behaviour of LSB members with various web hole 
configurations is complicated, and their elastic and inelastic buckling regions cannot 
be easily separated. Fig. 11 shows that a single design curve (Eq. 4b) matches all of 
the data for the elastic and inelastic buckling regions. The mean and COV of the ratio 
of moment capacities from the FEA and Equations 4a and 4b are 0.9904 and 0.0442, 
respectively, thus demonstrating a good degree of agreement, as shown Fig. 12. 
For   55.0≤dλ , yu MM = .            (4a) 
For dλ<55.0 ,    21921.0021.1506.1 dd
y
u
M
M λλ +−=       (4b) 
The non-dimensional member slenderness (λd) is given by 
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holeswithod
y
d M
M
=λ ,    (5) 
where My and Mod are the first yield moment capacity and elastic lateral distortional 
buckling moment of LSBs with web openings. 
 
 
Fig. 12. Comparison of FEA results with moment capacities predicted by 
Equations 4(a) and 4(b) 
The foregoing design equations were developed for all of the LSB sections considered 
in this study. The scatter plot of the data points appears to indicate the influence of 
LSB geometry. For example, slender LSBs are likely to be subjected to a higher level 
of web distortion than compact LSB sections. To eliminate this geometrical effect on 
the scatter plot of the moment capacity results, the slenderness parameter ( dλ ) was 
modified using a factor (K) that includes the effect of LSB geometry. For this purpose, 
K was defined as a function of the ratio of GJF to EIweb, where GJF is the torsional 
rigidity of the rectangular hollow flange and EIweb is the flexural rigidity of the web 
about the axis of bending. By varying the function of K and solving for the minimum 
total error, Equation 6 was obtained to represent the two regions. Fig. 13 shows the 
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comparison of the moment capacity curve predicted by the new design equations and 
the FEA results. Good agreement can be seen, with a mean FEA to predicted ratio of 
1.006 and a COV of 0.029. The scatter plot of the data points has been reduced, as can 
be seen in Fig. 13, and hence it is concluded that the new design equations are able to 
incorporate the moment capacity variations that occur due to the varying geometry of 
the LSB sections.  
For   528.0Kd ≤λ , yu MM = .     (6a) 
For   K528.0 dλ< , 2dd
y
u )K(2037.0K025.1485.1
M
M
λ+λ−= , (6b) 
where    K=
holeswithweb
f
EI
GJ85.0
1








+
. 
The accuracy of the proposed equations was also verified by comparing the ultimate 
moments they predicted with the corresponding results from the ideal FE models of 
the LSB sections with circular web openings, with the results presented in Fig. 14. As 
can be seen in this figure, the two sets of results exhibit a good degree of agreement. 
Pokharel and Mahendran’s [6] experimental results are compared in Fig. 15 with the 
moment capacity curve predicted by Equation 6. Their measured section dimensions 
and yield stresses were employed to plot the experimental data points, whereas the 
elastic lateral distortional buckling moments of the tested LSB members were 
obtained from Equation 1. Although most of the experimental results were limited to 
modified slenderness ( kdλ ) values in the range of 1.4 to 2.2, they agree reasonably 
well with the moment capacities predicted by Equations 6a and 6b. The difference in 
results is possibly due to the approximate elastic distortional buckling moment 
calculations involved in using Equation 1. This equation employs an equivalent 
thickness approach for LSB members subject to uniform bending and ideal simply 
supported conditions, whereas the tested LSB members were subjected to quarter 
point loading and slightly different support conditions 
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Fig. 13. Comparison of moment capacities obtained from FEA and Equation 6 
 
Fig. 14. Comparison of FEA results with moment capacities predicted by 
Equation 6 
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Fig. 15. Comparison of moment capacities obtained from experiments and 
Equation 6 
 
Reliability analysis of the proposed design rules was undertaken using the following 
values and procedure given in AISI [15]. The mean and COV of the material factors 
were 1.1 and 0.1; the mean and COV of the fabrication factors were 1 and 0.05; the 
COV of the load effect was 0.21; and correction factor depended on the number of 
tests. Using the overall mean and COV for the FEA to predicted ultimate moment 
ratios and a target reliability index of 2.5 for cold-formed steel members, capacity 
reduction factors of 0.907 and 0.893 were calculated for Equations 6 and 4.  
In summary, Equations 6a and 6b are recommended for the design of LSB members 
with web openings subject to uniform bending with a capacity reduction factor of 0.9 
as used currently by most cold-formed steel codes for flexural members. However, 
Equation 4 can also be used with the commonly used capacity reduction factor of 0.9 
as the calculated capacity reduction factor was 0.893. 
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5. Conclusion 
This paper has presented the details of a parametric study that was conducted using 
FE models of LSB sections with circular web openings. The aim was to investigate 
the lateral distortional buckling and local buckling behaviour of these sections and to 
develop the ultimate moment capacities of seven LSB sections with circular web 
openings. Finite element models subject to uniform bending were employed to 
determine both the member and section moment capacities of these seven sections 
with various spans, circular web openings of varying diameters (50 to 200 mm) and 
spacing (100 to 500 mm). All significant behavioural effects, including material 
inelasticity, local buckling and lateral distortional buckling deformations, web 
distortion, residual stresses and geometric imperfections, were included in the 
analyses. 
The FEA results show that the web opening size and spacing have an influence on the 
moment capacity of LSBs. Compared with LSBs without web openings, however, the 
reduction in the member moment capacities of those with web openings was generally 
found to be small (less than 13%). Furthermore, the moment capacity of LSBs with 
web openings was found not to be sensitive to hole spacing for long spans. These 
results show that LSB’s moment capacity is mainly contributed by its two flanges, 
with minimal contribution from the web. Based on these moment capacity results, 
suitable design rules have been developed for the moment capacity of LSB sections 
with circular web openings. An approximate equivalent thickness-based method for 
calculating the elastic lateral distortional buckling moments of LSBs with web 
openings has also been developed. The accuracy of the proposed design rules and 
design curves was further investigated through FEA. It has been shown that these 
design rules can be successfully employed in the design of mono-symmetric LSB 
floor joists with web openings. 
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